Introduction

M
ost previous research on engineered microvessels has been in isotropic systems; [1] [2] [3] however, aligned microvessels would be advantageous both in terms of mimicking alignment in native tissue (e.g., myocardium 4 ), and in terms of establishing efficient perfusion of the microvessels, as alignment creates natural inlet and outlet sides. Recent work has shown that contact guidance in response to aligned fibrin fibrils is sufficient to align sprouts from blood outgrowth endothelial cell (BOEC) 5 spheroids, and that cellinduced gel compaction resulted in both aligned fibrils and sprouts. 6 We harnessed this mechanism here to engineer microvessels formed by self-assembly of dispersed BOECs in fibrin gel, showing that cell-induced gel compaction also aligns such microvessels.
In many engineered tissues, such as myocardium, a high capillary density will be required to support the highly metabolic cells. Indeed, in native adult myocardium, the average capillary density is 2000 capillaries/mm 2 , and the average intercapillary distance is around 20 mm. 7, 8 To date, no engineered tissue has achieved this density. Reported values range from 2 to 100 lumens/mm 2 for tissues prior to implantation, [9] [10] [11] [12] although not all reports of engineered microvessels quantified cross-sectional lumen density. Total capillary density increases after implantation, with most studies reporting 200-600 lumens/mm 2 . 2, 13, 14 In the studies reported here, we demonstrate vastly increased microvessel density in vitro using the same constrained gel compaction technique used to achieve aligned microvessels, attaining values similar to reported postimplantation values.
Interstitial flow occurs physiologically due to pressure differences between the vascular and lymphatic systems and is estimated to occur at flow rates of 0.1-2 mm/s. 15 Previous reports have suggested that interstitial flow through engineered tissues containing ECs at superficial velocities of 4-13 mm/s increases microvessel density. 16, 17 The shear stresses applied via interstitial flow at these velocities were quite low (on the order of 0.001 Pa [0.01 dyne/cm 2 ]), leading the previous investigators to attribute improvements to local morphogen gradients created by flow rather than shear stresses. 16 In addition to the increased microvessel density, some alignment of microvessels in the direction of interstitial flow was observed in an initially isotropic construct. 16 However, these results were achieved by applying flow prior to any microvessel formation; it is unclear from previous work whether or not interstitial flow can modulate existing microvessels, which we show here is possible.
The permeability of EC monolayers is affected by shear stresses. Acute shear stress (h) on the order of 0.1-1 Pa (1-10 dyne/cm 2 ) increased permeability of EC monolayers. 18, 19 Chronic shear stress (days), however, reduced permeability. 19 However, the majority of studies in this area have observed EC monolayers under laminar flow; it is unclear if the results hold for engineered microvessels exposed to interstitial flow. We show here that shear forces two orders of magnitude lower than those reported in the literature decrease microvessel permeability.
Shear forces are also known to affect the arterial or venous phenotype of ECs, as indicated by ephrinB2 and ephB4 levels, respectively. [20] [21] [22] In stem and progenitor cells, shear stress increases ephrinB2 expression, 23 whereas in more mature cells, it has the opposite effect. 24 However, again previous work has examined EC monolayers rather than engineered microvessels.
The studies reported here examined the effects of cellinduced gel compaction and interstitial flow on the characteristics of engineered microvessels in the resulting tissue-like sample. Constructs were formed in a custom chamber that enabled gel compaction followed by interstitial flow. Constructs were exposed to one of two interstitial flow rates for 3 or 6 days, and compared to both time-matched and baseline controls. A variety of microvessel properties were examined, including lumen density and alignment, permeability, mural cell recruitment, basement membrane deposition, and arterial/venous phenotype.
Materials and Methods
Cell culture
Human BOECs 5 were supplied by Dr. Robert Hebbel at the University of Minnesota. BOECs were cultured in type I collagen-coated flasks in ''BOEC medium,'' which consisted of EGM-2 (Lonza) with an additional 8% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Green fluorescent protein (GFP)-labeled human brain pericytes (PCs) were provided by Dr. George Davis at the University of Missouri. They were cultured in gelatin-coated flasks in DMEM with 10% FBS and 1% penicillin-streptomycin.
Construct preparation
Constructs were cast in a custom chamber that included flared glass capillary tubes placed through the side walls ( Fig. 1) . At casting, BOECs and PCs were mixed with fibrinogen; thrombin; M199 medium; and three growth factors stromal-derived factor 1a, stem cell factor, and interleukin-3. The gel filled the bottom of the well and covered the glass capillary tubes. After gelation, the bottom of each well was removed, enabling nutrient transport from both sides. After 5 days of culture, some constructs were detached from the edges of the well using dental picks. The glass tubes served to anchor the gel during compaction of the fibrin gel and alignment of the fibrin fibrils (Fig. 1) . Control constructs were harvested at days 5, 8, 11, and 14. For additional details on construct preparation and all methods, please refer to the Supplementary Data (Supplementary Data are available online at www.liebertpub.com/tea).
FIG. 1. (A-D) Schematics of interstitial flow chamber design. (A)
The chamber bottom snapped into the well for casting, at which point the well measured 20 mm (l) · 4.8 mm (w) · 4 mm (h). Flared glass capillary tubes (1 mm outer diameter, 0.58 mm inner diameter) were inserted into the small holes in the sides of the well. The chamber top was not used for casting. During culture, the chamber bottom was removed to allow nutrient transport from either side. The chamber bottom and top were used to enclose the gel during interstitial flow. The pieces were tightened together using a screw at each corner. 
Application of interstitial flow
On day 8 of culture, aligned constructs were embedded in 5% agarose gel, which was much less permeable than the constructs, and enclosed in the chamber. The glass capillary tubes were then connected to a flow circuit. The presence of the agarose gel prevented fluid from exiting the tissue. Flow rates of 0.015 mL/min (''low'') and 0.105 mL/min (''high'') were used, corresponding to superficial flow velocities of 0.33 and 2.33 mm/s, respectively. These flow rates were chosen because they fit within the range of shear stress conditions previously shown to increase lumen formation in engineered microvessels. 16, 17 Constructs (from three separate castings; n = 3), including controls that were not embedded in agarose or exposed to flow, were harvested at days 11 (3 days of flow) and 14 (6 days of flow). Approximately 24 h prior to the cessation of flow, gold nanoparticles (GNP; 15 nm diameter) were introduced to the inlet flow to evaluate the fluid path through the tissue.
Hydraulic permeability measurement
Day 8 constructs (n = 3) were embedded in agarose and connected to a flow circuit as described above, except that an in line pressure transducer was placed immediately proximal to the construct. Steady-state pressure and flow rate were compared for three flow rates on three constructs, and the hydraulic conductivity of each construct was calculated from Darcy's Law. The hydraulic permeability was obtained by multiplying hydraulic conductivity and fluid viscosity.
Viscosity measurement
The viscosity of BOEC medium was measured using a cone and plate viscometer according to the manufacturer's instructions. Briefly, BOEC medium was maintained at 37°C via a circulating water bath, and the viscosity was measured at three shear rates. Four separate samples of BOEC medium were tested.
Estimation of shear stress
The shear stress experienced by the ECs was estimated using two methods. The first method used a formula derived by Wang and Tarbell:
where s is shear stress, m is fluid viscosity, Q is volumetric flow rate, A is construct cross-sectional area, k p is the hydraulic permeability of the construct, and B is a factor that depends on the volume fraction of the cells from an equation specified by Wang and Tarbell. Equation (1) assumes cells to be spheres, but in these constructs, the ECs were primarily arranged into microvessels when interstitial flow was applied. Therefore, shear stress was also estimated by modeling flow around a cylinder aligned with the flow direction and embedded in porous medium in COMSOL Multiphysics, which solved the Brinkman equations to obtain the velocity field. 26 The average shear rate along the length of the cylinder was obtained from the COMSOL output, and the shear stress was calculated by multiplying by the fluid viscosity.
Histology/image analysis
Constructs were fixed in 4% paraformaldehyde and both longitudinal and cross sections were taken. Cross sections were taken from three regions (inlet, middle, and outlet; Fig.  2B ) to assess variations in BOEC microvessel properties along the length of the constructs.
Cross sections were immunostained with an antibody for CD31 and imaged. A custom MATLAB code (Supplementary Fig. S1 ) detected EC structures (defined as connected areas of CD31+ staining) and lumens and measured various parameters of interest, including lumen density and average lumen diameter, which was calculated from the lumen area assuming a circular lumen. The code also measured cell density based on nuclear staining and determined the level of recruitment of the GFP-labeled PCs. A PC was considered recruited if any part of it was immediately adjacent to a microvessel.
Cross sections were also immunostained using antibodies for collagen IV, laminin, ephrinB2, and ephB4. Another custom MATLAB script calculated staining intensity. Basement membrane data were normalized to the average nonlumen area of each sample, as differences were seen in total lumen area between conditions. Because both PCs and BOECs expressed ephrinB2, the colocalization of ephrinB2 staining in red and the GFPlabeling of PCs were used to separate expression levels for each cell type. The BOEC ephrinB2 expression was normalized to the average fraction of each section positively stained for CD31. EphrinB2 and ephB4 staining was also performed on BOEC monolayers created from cells identically grown as for gel entrapment and on HUVEC monolayers as a positive control.
Longitudinal sections of aligned constructs were stained with the CD31 antibody and imaged. The average angle and length of each microvessel was quantified using a custom MATLAB code. An anisotropy index for each image (n = 6 per sample) was calculated by decomposing each microvessel length into components parallel and perpendicular to the alignment direction, and then taking their ratio such that a higher value indicated stronger alignment. The average angle of microvessel alignment was taken to be the alignment direction because it was not possible to keep the section orientation the same for every image. Visual assessment of the sections and their microvessels indicated that the average microvessel angle coincided with fibril alignment.
Additional longitudinal sections were stained with HQ Silver (Nanoprobes), which deposited silver particles on the GNP, enlarging them to be visible under transmitted light.
Microvessel permeability assessment
Microvessel permeability was assessed by exposing constructs to GNP at the time of harvest and measuring the ability of GNP to enter microvessel lumens. GNP were used here instead of fluorescent dextrans to be consistent with the above use of GNP to track fluid flow. The 15-nm GNP diameter is slightly larger than the measured hydrodynamic diameter for 70 kDa dextran. 27 Day 8 and 11 control constructs, and day 11 low flow constructs, were assessed. Constructs were embedded in agarose, and a GNP solution pumped into the constructs at a flow rate of 1 mL/min ALIGNED AND DENSE ENGINEERED MICROVESSELS(22 mm/s) for 30 min. Delivery of GNP via interstitial flow was required due to the presence of a cell monolayer on the surface of day 11 control constructs that prevented diffusion of GNP into the constructs from the surrounding medium. Although nonideal due to the potential effects of acute shear stress, all constructs experienced a large step increase in shear stress. Constructs were then fixed, sectioned longitudinally, and stained with HQ Silver as above. Because the process was not at steady-state, only lumens (n = 8 across three samples) at a defined distance from the inlet were analyzed.
Fibril orientation
Fibrin fibril orientation was determined by polarized light imaging. 28 A custom MATLAB script determined the average birefringence (a measure of fibril alignment) of each construct. Optical density was also measured from these images by averaging the pixel intensity of the region of interest.
Cross-sectional area measurements
The thickness of tissue constructs was measured using a linear variable differential transformer, and three measurements 
Cell-induced gel compaction results in aligned fibrils and aligned microvessels and increases lumen density
Uncompacted constructs demonstrated weak fiber alignment as observed via alignment mapping, whereas strong fiber alignment in the longitudinal direction was observed in compacted constructs (Fig. 2A, B, K) . Longitudinal sections (Fig. 2C-E, H, L) showed that the BOEC microvessels were also highly aligned longitudinally in compacted constructs. Cross sections (Fig. 3A-C, F) 
The lumen density of day 8 constructs (after 3 days of compaction) was not different from that of day 5 constructs (prior to gel compaction; Fig. 3J ), despite the fact that the density of CD31 + structures was increased (data not shown). After further culture, at days 11 and 14, the lumen density of control constructs was increased over both days 5 and 8 controls. Using the measured construct crosssectional areas and assuming all of the lumens present in the day 5 constructs would be present in the day 8 constructs, the lumen density of compacted constructs was predicted to be 1285 lumens/mm 2 in contrast to the measured value of 194.
Low interstitial flow increases microvessel lumen density while maintaining other microvessel properties
Lumen density, as measured in cross sections from the center of constructs stained for CD31, increased with low interstitial flow over control at both days 11 and 14 (Fig. 3J) . This increase was not seen with high interstitial flow. Lumen density remained constant within conditions between days 11 and 14, and lumen diameter was the same between compacted constructs (Fig. 3K) .
Total cell number was decreased in flow conditions compared to controls, but no differences were observed between the two flow rates (Fig. 3L) . PC density was substantially reduced in both flow conditions (Fig. 3M) , but the fraction of the section stained positively for CD31 (indicative of EC density) did not vary between the conditions yielding compacted constructs, which includes all of the day 8, 11, and 14 conditions (Fig. 3I) . PC recruitment remained constant at 30%-35% among all conditions (Fig. 3N) .
Both fibril and microvessel alignment remained constant among all conditions yielding compacted constructs, regardless of flow condition or time point (Fig. 2K-L) . Birefringence values were near 15 · 10 -5 , and anisotropy index values were near 5, both indicating high levels of alignment. Among constructs exposed to low flow for 3 days (day 11), lumens extending greater than 200 mm in the plane of the section were frequently observed.
High levels of basement membrane were produced by the cells Figure 4A -H show representative images of laminin staining of cross sections from construct centers. The total fluorescent intensity per nonlumen area was quantified from images of both laminin and collagen IV staining (Fig. 4I-J) . For both basement membrane proteins, staining intensity was decreased with interstitial flow (for both flow rates) in comparison to time-matched controls. However, visual inspection of the images suggests that the higher basement membrane levels in the controls are due to increased levels of laminin and collagen IV in the interstitium, rather than within the perivascular region.
Microvessel properties varied along the length of the construct
Variations in some microvessel properties were observed in cross sections taken from the inlet, middle, and outlet regions of the constructs. At day 11, the lumen density was substantially higher in the middle region than in either the inlet or outlet region for all conditions (Fig. 5A ), but the average lumen diameter did not depend on position (Fig.  5B) . At day 14, both lumen density and lumen diameter were increased in the middle region (data not shown). Despite the variation in lumen density across tissue regions, low interstitial flow increased lumen density within each region. In addition, when data from all regions were combined for flow conditions and their time-matched controls, an increase in lumen density was still observed with low interstitial flow. Interestingly, at days 5 and 8, no differences in lumen density (Fig. 5C ) or lumen diameter (data not shown) were observed between regions. PC recruitment, matrix alignment, and tissue optical density did not depend on position at any time for all conditions.
EphrinB2 expression increases over time in the absence of flow and is reduced in the presence of flow
Images of ephrinB2 expression are shown in Figure 6A , B, and the ephrinB2 expression of BOECs (obtained by normalizing BOEC ephrinB2 intensity to CD31 + area fraction data shown in Fig. 6I ) is quantified in Figure 6C . The data show that ephrinB2 expression in BOECs increased over time in control constructs and that the application of low interstitial flow reduced BOEC ephrinB2 expression. EphB4 was expressed by BOECs in monolayers ( Supplementary Fig. S2 ) but not in either the static or flow-conditioned constructs at any of the days.
Low interstitial flow increased endothelial barrier function
Fluid flow through the constructs was tracked using GNP added to the perfusate during interstitial flow. GNP were observed throughout the interstitium in longitudinal sections, indicating that fluid was traveling through the constructs rather than channeling between the constructs and the agarose gel. However, GNP were rarely observed within lumens. This observation prompted an experiment to test the
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FIG. 3. (A-H)
Representative cross sections stained for CD31 (red) from the middle region of constructs from all days and flow conditions studied. PCs were GFP-labeled (green), and nuclei were stained with Hoechst 33342 (blue). Scale bars = 50 mm. Color images available online at www.liebertpub.com/tea endothelial barrier function after flow exposure. Constructs exposed to low flow for 3 days and controls at days 8 and 11 were exposed to a solution containing GNP, and the number of GNP present within lumens at the same distance from the construct inlet (the input location of the GNP solution) was counted. Lumens within both control constructs contained substantially more GNP than those within constructs exposed to low flow, which rarely contained GNP (Fig. 7) .
Cells experienced low levels of shear stress during interstitial flow
The measured viscosity of the BOEC medium was 890 Pa$s (0.89 cP). Construct hydraulic conductivity was measured to be 2.44 · 10 -3 cm 2 $Pa/s (1.83 · 10 -5 cm 2 $mmHg/s) and converted to a hydraulic permeability for use in Equation (1) by multiplying by the viscosity. The final volume of each construct was calculated by measuring the thickness and width of each construct after fixation, and assuming the construct length was 1.5 cm based on the chamber dimensions. The average thickness of compacted constructs was 627 mm, and the average width was 1.26 mm, yielding a cross-sectional area of 0.0075 cm 2 , and a volume of 0.0112 cm 3 . These values corresponded to a cross-sectional area after compaction that was 10% of the original value.
To obtain the volume fraction of cells needed for parameter B of Equation (1), each cell was assumed to take up the volume of a sphere 10 mm in diameter. Using the initial cell concentration, 2.4 million/mL, the initial construct volume (400 mL), and the final measured volume of the construct, (A) At day 11, lumen density was increased in the middle region over the inlet and outlet regions. However, even when all of the data were combined, the increase in lumen density with low flow remained. (B) Average lumen diameter at day 11 did not vary by tissue region, but was larger in constructs exposed to low flow. (C) No differences in PC recruitment occurred between regions or flow conditions at day 11. (D) At days 5 and 8, no differences in lumen density occurred across tissue regions. *p < 0.05 for main effects. $ p < 0.05 for main effects between control and low flow. + p < 0.05 for main effects between low and high flow. 
Discussion
A major finding of this work is that cell-induced compaction can be used to align microvessels in a vasculogenic model (previous work had shown this to be possible in an angiogenic model 6 ). Strong microvessel alignment not only mimics native microvasculature (e.g., myocardium 4 ), but also provides natural inlet and outlet sides for flow. In addition to producing aligned microvessels, construct compaction provided a number of other improvements to the BOEC microvessels. Compaction caused a reduction in average lumen size, placing the diameter within the typical coronary capillary range of 5-8 mm. 29 In addition, both the CD31 + structure density and the lumen density increased with compaction. Although the CD31 + structure density increased quickly, present at all time points after compaction, lumen density increase was delayed, only present at days 11 and 14. These results suggest that initially compaction caused some lumens to collapse, but once compaction had subsided, some lumens were re-established. Only one-sixth of the lumens were maintained following compaction, based 
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on the predicted lumen density. Previous studies suggested that flow can induce alignment; 16 however, increased alignment with flow was not observed here. This may merely indicate that compaction and associated fibrin fibril alignment provided a much stronger alignment effect via contact guidance, and that the additional alignment produced by flow was either present but negligible or was not present due to the fact that the fibrils and cells were highly aligned prior to the onset of flow. The fact that the microvessel anisotropy index was above one for isotropic samples is likely due to the fact that the index was necessarily defined relative to the average angle of microvessels in each image, which could be skewed by one long microvessel in isotropic samples.
A second major finding of this work is that interstitial flow can modulate the properties of existing microvessels. Previous work demonstrated the ability of interstitial flow to increase microvessel formation when the onset of flow was at the time of casting rather than after initial microvessel formation. 16, 17 The results presented here also indicate that the flow rate affects the results. Low flow produced an increase in lumen density over statically cultured controls, whereas high flow did not. However, similar to previous reports, 16 the effects of shear stress and flow-induced morphogen gradients in producing the improvements could not be distinguished.
The lumen density observed in these constructs (both control and flow conditions) is substantially higher than previously reported for in vitro engineered tissues. At day 14, constructs exposed to low flow achieved a lumen density of nearly 650 lumens/mm 2 in the middle region, more than six times higher than any previous report, [9] [10] [11] [12] and equivalent to or greater than most reports of engineered microvessels postimplantation. 2, 13, 14 It is still less than the 2000-lumens/ mm 2 of native adult human myocardium, 8 but is greater than that of adult human skeletal muscle (200-300 lumens/ mm 2 ) 30, 31 In addition, lumen density has been reported to increase dramatically postimplantation (14-fold or more 10, 12 ), suggesting that these constructs would exceed 2000 lumens/ mm 2 postimplantation, presumably still with strong alignment. An unexpected result was that lumen density was greater in the middle region of constructs. This was true for both control and flow conditions at days 11 and 14, indicating that it is not an effect of flow. Additionally, this effect is not present in controls at days 5 or 8, nor is there any difference in birefringence (indicating differential levels of matrix alignment) or optical density (indicating differential levels of matrix density) between construct regions at any time point. However, the means for most inlet and outlet regions at day 11 fall within the 100-200-lumens/mm 2 range, as do means for all regions at days 5 and 8. This suggests that the increases in lumen density observed both with additional days of compaction in static culture (after day 8) and with low flow occurred substantially in the middle region.
Lumens greater than 200 mm in length were frequently observed in longitudinal sections of constructs exposed to low flow for 3 days (day 11). However, due to the potential tortuosity of the lumens and the possibility that sections were not taken exactly parallel to the alignment direction, it is unclear exactly how far the lumens extended. Attempts to image constructs under multiphoton confocal microscopy yielded data only to a depth of *200 mm, likely due to the construct density and opacity, providing no further information about lumen length.
The increase in ephrinB2 expression by BOECs over time in control constructs and loss of ephB4 expression relative to the pre-entrapment state suggests that they were maturing toward an arterial phenotype. Additionally, the fact that shear stress induced a reduction in ephrinB2 expression in BOECs indicates that the BOECs were more similar to a mature EC than an endothelial progenitor cell (EPC) when flow began. 24 Given the substantial loss of PCs in the flow-conditioned samples, there are at least two alternative explanations. First, ephrinB2 expression decreased in the absence of PC contact. Second, reduction of ephrinB2-positive endothelial cells may lead to the reduction of PCs, since ephrinB2 is required for proper endothelial-PC assembly. 32 Fluid tracking via GNP indicated that fluid was traveling through the construct interstitium, as expected. The fact that few GNP were found within lumens suggests that fluid was not entering and flowing through lumens, but rather was limited to the interstitium. This was consistent with time lapse analysis of fluorescent NP during flow (data not shown), suggesting that in these constructs the lumen ends were not open to flow. Mechanisms of achieving lumen perfusion will thus need to be explored. Interestingly, however, an increase in EC barrier function was observed after 3 days of low flow exposure, consistent with EC monolayers exposed to laminar shear flow. 19, 33, 34 The shear stress in this study was applied ablumenally, evidently, and at a level not previously studied in monolayers (*100-fold lower), suggesting that either the effect of chronic shear stress on EC barrier function is similar over a wide range of shear stresses and application methods, or that tight junction formation occurs differently in microvessels versus EC monolayers.
The data presented here demonstrate the success of using PCs as a support cell for BOEC microvessels formed in a remodeled fibrin gel. PCs were recruited to the microvessels, and abundant basement membrane was formed. Mural cell recruitment and basement membrane formation are the hallmarks of microvessel stability in vivo, 1 and thus the PC recruitment and basement membrane formation observed here likely contributed to the microvessel stability over a 2-week period, even in statically cultured constructs.
The exposure of constructs to interstitial flow at either flow rate reduced the number of PCs in comparison with time-matched controls. Because the PC density was high at day 8, it is clear that this difference is the result of PC loss rather than reduced proliferation. The fact that the fraction of recruited PCs remained constant across conditions suggests that PCs were lost equally from recruited and unrecruited positions. The reason for this loss is not clear; however, it may be related to the relatively low levels of culture medium received by the constructs during flow exposure (greater than 100-fold lower than that of control constructs for low flow). The fact that the BOECs were not negatively affected under such conditions is remarkable. Regardless of the mechanism, it does not appear that a high density of PCs is required for microvessel stability in this system due to the deposition of basement membrane prior to flow exposure. In fact, assessment of laminin and collagen IV staining suggests that flow conditions had lower levels of staining in the interstitium, which may be related to the presence of fewer PCs (both PCs and ECs produce basement membrane proteins 35 ). Although the system described in this article has been successful, it is worth noting that others have generated microvessels in vitro with systems utilizing other endothelial cell types and stromal cells. Mature ECs from a variety of species and vessel locations, including human umbilical vein ECs, have been widely studied despite their potential clinical limitations as nonautologous cell types. 3, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] Additionally, various stem cell, progenitor, and other blood-derived EC types have been investigated. 2, 6, 13 Of note are BOECs, used in this study, and EPC-derived ECs (EPC-ECs), both of which can be isolated from the blood mononuclear fraction. EPC-ECs are isolated via CD31 + cell selection after plating, 13 whereas BOECs are plated in endothelial growth medium and late outgrowth cells are selected. 5, 50, 51 Support cells such as fibroblasts and mesenchymal stem cells have been shown to improve microvessel formation and display PC-like behavior in some cases. 2, 3, 6 Some recent data indicate that the choice of support cell has a large influence on the resulting microvessel formation. 52 For a recent review of in vitro models of endothelial assembly in fibrin gel, see Morin and Tranquillo. 53 The system used in these studies is highly relevant for tissue engineering. The human BOECs are isolated from peripheral blood, and thereby represent a potentially autologous source of ECs. Although the human brain PCs used here are not an autologous source, PCs can be isolated from dermis. 54 Fibrin is degraded by cells and stimulates them to produce ECM; 55 therefore, a fully mature tissue-engineered construct formed from a fibrin gel could in fact be completely cell-produced. 56 If residual fibrin proved immunogenic, autologous fibrinogen (isolated from peripheral blood) could be used to prepare the tissue. Finally, these remodeled-fibrin constructs have the potential to achieve physiological strength. 56, 57 The results presented herein thus make strides toward the production of vascularized tissue comprising aligned microvessels of a size and strength relevant to humans.
